Background. Influenza is a significant cause of morbidity and mortality in older adults. High-dose (HD) trivalent inactivated vaccine has increased immunogenicity in older adults compared with standard-dose (SD) vaccine. We assessed the relative effectiveness of HD influenza vaccination (vs SD influenza vaccination).
Influenza-associated morbidity and mortality are high in older adults and have not declined despite increasing influenza vaccination coverage among elderly persons (≥65 years of age) [1] [2] [3] [4] [5] . While vaccination remains the most effective approach for preventing influenzarelated hospitalizations and death, older adults respond to vaccination with lower antibody titers to influenza hemagglutinin compared with younger adults, and the effectiveness of influenza vaccination among elderly persons is poor [6] [7] [8] [9] [10] . The lack of a highly effective vaccine highlights the need for novel vaccine strategies for this vulnerable population [11] .
A new high-dose (HD) trivalent inactivated vaccine, containing 4 times the amount of hemagglutinin antigen per strain of influenza virus compared with standarddose (SD) vaccine, received US Food and Drug Administration accelerated approval in December 2009 [12] based on its superior immunogenicity response compared with SD vaccine [13] . Results of a large-scale, multicenter efficacy trial in the elderly show superior incremental protection against influenza infection for HD vaccine relative to SD, but results for hospitalization and other important clinical outcomes are less conclusive [14] , and the public health impact on the elderly population is not known.
The Centers for Disease Control and Prevention and the Advisory Committee on Immunization Practices continue to not state a preference for either HD or SD vaccine for elderly persons [15] . Consequently, there is no formal guidance, and few published data on clinical outcomes to support decisions about which vaccine to recommend for elderly patients. In addition, the relative effectiveness of the HD vaccine compared with that of the SD vaccine in the more diverse population typically seen in the real-world setting is not known.
To address this gap, we determined rates of hospitalization for influenza or pneumonia, and evaluated the relative effectiveness of HD compared to that of SD vaccination in preventing hospitalizations for pneumonia and influenza among elderly persons in the Veterans Health Administration (VHA).
METHODS

Design Overview and Data Sources
We conducted a retrospective cohort study to compare clinical outcomes of receiving HD vs SD influenza vaccination among community-dwelling elderly patients in the VHA during the 2010-2011 influenza season. We evaluated rates of hospitalization for influenza or pneumonia as the primary outcome, and examined hospitalization for all causes and mortality as secondary outcomes. The VHA Statistical Analysis System (SAS) National Patient Care Database and VHA Decision Support System National Data Extracts were used to identify patients' influenza vaccinations and to determine patient covariates and hospitalization status. These datasets consist of administrative records for all inpatient and outpatient encounters within the VA health system, and include patient age, sex, race/ethnicity, healthcare service locations and dates, diagnosis and procedure codes, and pharmacy records. Mortality was determined using the VHA Vital Status File, which combines multiple VA and non-VA data sources and contains dates of death for Veterans who since 2002 have received care, compensation, or pension benefits from the VHA, or are enrolled in the VHA [16] .
Setting and Participants
The VHA is a national network of 152 acute care medical centers and associated outpatient clinics. Patients were included if they met all the following criteria: received a single dose of inactivated influenza vaccine as an outpatient between 1 August 2010 and the end of the 2010-2011 regional influenza season, were aged ≥65 years at the time of vaccination, and had ≥1 primary care visit in the VHA in the year prior to vaccination. We included patients from facilities in which at least 50 patients received HD vaccine. The study received institutional review board approval from the Philadelphia VA Medical Center (VAMC) and the University of Pennsylvania.
Influenza Vaccination Exposure
The primary exposure of interest was receipt of either HD or SD inactivated trivalent influenza vaccine in the VHA. Individual medical centers purchased Fluzone HD and Fluzone (SD) influenza vaccine (Sanofi Pasteur, Bridgewater, New Jersey) through a national VHA contract.
Influenza vaccination was identified using Current Procedural Terminology (CPT) codes. Receipt of SD vaccination was identified by CPT codes 90658, Q2035, Q2036, Q2037, Q2038, and Q2039; HD vaccination was identified based on the presence of code 90662 [17] . We excluded patients who received >1 dose of influenza vaccine or who received live attenuated inactivated vaccine.
Influenza and Preinfluenza Seasons
To improve the specificity of our outcomes, we defined a regional influenza season for each VAMC, based on Centers for Disease Control and Prevention multistate reporting regions [18] . For each VAMC, we assigned season start and end dates based on influenza activity reported for that region. Using weekly reports of the percentage of positive influenza tests among all influenza tests performed in each region, we defined the regional influenza season as the weeks when the percentage of positive tests was ≥10% [19] . We also defined a preinfluenza season as the period between 1 June 2010 and 31 August 2010, when the percentage of positive influenza tests was <10% nationally [20] .
Outcomes and Follow-up
The primary outcome was hospitalization for pneumonia or influenza, which was defined based on the presence of an inpatient record having International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes 480-487 [8] as the primary diagnosis. We also examined hospitalization for any cause and death for any cause as secondary outcomes. Outcomes were included if they occurred at least 2 weeks after vaccination [21] , and in the period of the regional influenza season.
Baseline Characteristics
We examined patient age (continuous, and grouped as 65-74, 75-84, and ≥85 years), sex, and race (white, black, and other). Using data from the year prior to vaccination, we defined indicators for receipt of any immunosuppressive medication, presence of human immunodeficiency virus (HIV) infection, and (separately) receipt of the monovalent pH1N1 ( pandemic) vaccine and/or the trivalent influenza vaccine during the 2009-2010 ( prior) influenza season. Comorbidity was defined using the Elixhauser comorbidity score [22] . To assess potential bias due to unmeasured non-influenza activity related factors associated with selection of vaccine type, we also examined hospitalization for influenza or pneumonia during the preinfluenza season [23] .
Statistical Analysis
For baseline characteristics, we report frequencies and percentages for categorical variables and means and standard deviations for continuous variables for patients receiving HD and SD vaccines. We compared baseline characteristics by vaccine group using χ 2 tests for categorical variables and t tests for continuous variables. We also compared preinfluenza season hospitalization for influenza or pneumonia to detect differences between groups in the period before the onset of the influenza activity when the true difference between similar groups of patients should be zero. This comparison allowed us to determine whether the 2 groups differed with respect to characteristics, observed or unobserved, associated with risk of the study outcome [23] . For example, potential bias due to differences between vaccine groups in the prevalence of severe illness and frailty, which may not be fully captured by ICD-9 codes, is estimated in this comparison, and can thus be controlled in subsequent analyses. Receipt of HD or SD vaccine was not randomly assigned, and if there were systematic differences in observed baseline characteristics between patients who received HD and SD vaccine, estimates of the relative effectiveness of the 2 vaccines could be biased. We conducted a propensity score analysis to reduce this potential bias. The propensity score has been called a "balancing score": Within strata or blocks defined based on the true propensity score, patient baseline characteristics in different treatment groups are similar [24] . Stratifying on the quintiles of the estimated propensity score has been shown to eliminate approximately 90% of the bias due to observed confounders [25] .
We developed a logistic regression model for the probability of receiving HD vaccine-the propensity score. In this model, receipt of HD vaccine was the outcome variable, and patient age, sex, race, Elixhauser comorbidity score, preinfluenza season hospitalization for influenza, prior year pH1N1 vaccination, prior year trivalent influenza vaccination, HIV infection, and use of immunosuppressive medication were included as predictors. Using the resulting model, we estimated each patient's propensity to receive HD vaccination. We assessed the effectiveness of this estimated propensity score in balancing patient characteristics by comparing the standardized differences in means for baseline characteristics between HD and SD vaccination groups within strata defined by quintiles of the propensity score. The standardized difference compares the difference in means between groups in units of the pooled standard deviation, and provides a measure that is not dependent on sample size [24] .
We used Poisson regression (to account for person-time at risk) to model the association between the primary study outcome and receipt of HD vaccine, stratified by propensity quintile, and used a robust variance estimator clustered at the VAMC level. We included preinfluenza season hospitalization for influenza or pneumonia [26] as an adjustment variable, and combined results across propensity strata to estimate the relative risk (RR) of the primary outcome, among patients vaccinated with HD vs SD vaccine. Secondary outcomes (ie, all-cause hospitalization, mortality) were analyzed in the same way. In a sensitivity analysis for hospitalization outcomes, we repeated the analyses including only patients who did not die.
In view of the increased immunosenescence and reduced vaccine effectiveness of the SD vaccine among older patients, we hypothesized that the relative effectiveness of HD vs SD vaccine would be greater among older Veterans. We tested for effect modification by age by including an interaction term for (continuous) patient age and the type of vaccine in the model for hospitalization for influenza or pneumonia. We then estimated the relative risk of hospitalization for influenza or pneumonia within subgroups of patients aged 65-74, 75-84, and ≥85 years [27] . In these age-stratified analyses, we used propensity score quintile as a covariate, instead of stratifying, to avoid having strata with no outcome events. We then repeated the analysis including preinfluenza season hospitalization for influenza or pneumonia as an adjustment variable. SAS software version 9.3 (SAS Institute, Cary, North Carolina) was used for all analyses.
RESULTS
We identified 26 566 patients who received HD vaccine and 266 335 who received SD vaccine in 48 VA medical centers nationally. After restricting the sample to those facilities where at least 50 patients received HD vaccine, there were 25 714 patients who received HD vaccine and 139 511 who received SD vaccine in 23 VA Medical Centers. Among these patients, 2419 (1.5%) had missing data on 1 or more covariates, and were excluded from the propensity score analyses.
The patient population was predominately male. Those who received HD vaccine (vs those who received SD vaccine) were slightly older, more likely to be black, had higher Elixhauser comorbidity score, and were more likely to have HIV and exposure to immunosuppressive drugs. Patients who received HD vaccine were also more likely to have been vaccinated with the 2009-2010 trivalent vaccine and less likely to have received the pH1N1 vaccine for influenza in the previous influenza season, compared with patients who received SD vaccine. In the preinfluenza season, patients who received HD vaccine did not differ from those who received SD vaccine with respect to either hospitalization for influenza or pneumonia or hospitalization for other reasons (Table 1) . Table 2 summarizes hospitalization and mortality outcomes for the influenza season. In the influenza season, 0.3% of patients in both groups were hospitalized for influenza or pneumonia.
We confirmed that propensity stratification resulted in strata or blocks of patients having similar baseline characteristics: The mean and maximum absolute standardized differences before propensity stratification were 0.026 and 0.06, and after propensity stratification they were 0.018 and 0.05, suggesting that the propensity model was adequately specified.
In the propensity-stratified analysis of influenza season hospitalization for influenza or pneumonia, there was no significant difference between those who received HD and SD vaccine (RR, 0.98; 95% confidence interval [CI], .68-1.40; P = .92). There were no significant differences in hospitalization for all causes and mortality between the 2 groups ( Table 2 ). The results of the hospitalization outcomes were nearly identical when excluding subjects who died during the study period.
In subgroup analysis, we found that age modified the effect of HD vaccination compared with SD vaccination on hospitalization for pneumonia or influenza, based on the significance of the age-vaccine type interaction term (P = .002). Among patients aged ≥85 years, those who received HD vaccine had lower hospitalization rates for influenza and pneumonia than those who received SD vaccine-0.30% and 0.66%, respectively (RR, 0.52; 95% CI, .29-.92). Patients 65-84 years of age who were vaccinated with HD did not have lower adjusted hospitalization rates than those who received SD (Table 3 ). These findings were unchanged after controlling for preinfluenza season hospitalization for influenza or pneumonia.
DISCUSSION
In this large nationwide cohort of community-dwelling older adults vaccinated with either HD or SD influenza vaccine in the 2010-2011 influenza season, we found that HD vaccination was not associated with lower rates of hospitalization for influenza or pneumonia. Similarly, HD vaccination did not result in lower rates of all-cause hospitalization or death. In a subgroup analysis, we found that HD vaccination was associated with a lower risk of hospitalization only among patients ≥85 years of age. Of note, the follow-up period for our study outcomes was within the 2010-2011 influenza season, when the match between influenza vaccines and circulating influenza viruses in the United States was excellent [28] . Our findings are not directly comparable to the results of earlier randomized studies, which have demonstrated superior immunogenicity [13, 14, 29, 30] and efficacy in preventing influenza [14] in adults ≥65 years of age who received HD vaccine relative to those vaccinated with SD vaccine. Our study did not exclude patients with dementia, Guillain-Barré syndrome, or current alcohol abuse or drug addiction as in the recent efficacy randomized trial (ClinicalTrials.gov identifier NCT01427309 [14] ). Our primary study outcome is hospitalization for influenza or pneumonia during the regional influenza season. Our study did not address outcomes reported in the efficacy trial, including hospitalizations within 30 days of study-proven influenza infection, development of influenza disease, or immunogenicity. Although the efficacy trial showed that HD vaccination decreases symptomatic influenza infection, we did not find that this protection has an overall impact on hospitalizations and death in older adults. Finally our study was conducted in a different influenza season than the above-mentioned trials, including different combinations of predominant circulating influenza strains and vaccine components.
Results of our subgroup analysis indicate a significant relative benefit of the HD vaccine for reducing hospitalizations for pneumonia or influenza among patients aged ≥85 years, compared with SD vaccine. It is possible that the effect of SD vaccine is lower in older subgroups, whereas the effect of HD vaccine is more stable as age increases. Further study is needed to evaluate this hypothesis.
Strengths of our study include use of a large national sample from a diverse population receiving care within a real-world setting. Our study evaluated complications of influenza with substantial public health impact. Including preinfluenza season hospitalization for influenza or pneumonia in our analysis adds strength because it serves as an indicator of the presence of unmeasured confounders such as frailty and severe illness. We accounted for observed confounders using propensity score stratification, and were able to confirm that our propensity score approach resulted in within-strata comparisons among patients who were similar with respect to baseline characteristics. Thus, despite the observational nature of our study, we were able to address and adjust for potential bias due to both observed and unobserved preinfluenza season confounders.
Our study has several limitations. First, because our data on admitted patients did not include results of laboratory confirmation for influenza infection for admitted patients, our primary hospitalization outcome may have identified patients with respiratory conditions that are not influenza related, and missed admitted patients with influenza not coded as having influenza or pneumonia [31] . Restricting our analysis to periods of significant influenza activity reduces (but does not eliminate) this potential nondifferential misclassification that may bias the results toward not finding a difference. Second, our comparative effectiveness study was observational, and treatment allocation was not randomized, so the potential for residual confounding by indication or confounding by unmeasured covariates cannot be eliminated. Third, patients aged ≥65 years are eligible for Medicare, and may have received services, including hospitalization, outside the VA health system. We limited our study to patients receiving ongoing care in the VA system but also do not have reason to suspect that hospitalization outside of the VA would be more likely among patients receiving HD vs SD vaccine. Fourth, although our sample size was very large, only 0.3% of patients had our study outcome, reducing power to detect all but a moderately large effect. In addition, as with any study of influenza vaccination, ours is only generalizable to influenza seasons with similar levels of preexisting immunity and an excellent match of the vaccine to circulating influenza strains.
In conclusion, in this large nationwide sample of community-dwelling older adults vaccinated for influenza in the 2010-2011 influenza season, we did not find that HD vaccine resulted in lower rates of hospitalization for influenza or pneumonia, compared to SD vaccine. We found similar results for the secondary outcomes of all-cause hospitalization or death. However, in the subpopulation of patients aged ≥85 years, we did find that HD vaccine was protective relative to SD vaccine. Further studies are needed to evaluate the potential clinical benefit of the new HD vaccine, as well as to continue to explore alternative routes to increasing immunogenicity of influenza vaccine in older adults.
Notes
